Cryptosporidium parvum and Giardia lamblia are two of the most chlorine resistant microorganisms with notable adverse effects on humans. Our study shows that waters containing these two protozoa at low concentrations can be efficiently disinfected in continuous flow by using a commercial fibrous ceramic TiO 2 photocatalyst. The efficiency of the photocatalytic disinfection is largely enhanced by adding a small concentration of chlorine. In this way, the residence time on the photoreactor can be considerably shortened. In contrast, under the same conditions and radiance power, UV light without any photocatalyst is significantly less efficient, particularly for G. lamblia. These results exemplify the advantages of the photocatalytic process for safe and complete water disinfection.
INTRODUCTION
Water disinfection to ensure the absence of pathogen microorganism noxious for the human health is one of the main issues in water treatment (Orme et al. 1990; Pontius 2002; Betancourt & Rose 2004) . Among the different protozoa relevant for water disinfection tests, Cryptosporidium parvum and Giardia lamblia are two microorganisms of large importance since they are known to be remarkable resistant to disinfection by chlorination (Rice et al. 1982; Betancourt & Rose 2004) . UV irradiation is a general method for water disinfection (Hijnen et al. 2006; Linden et al. 2007 ). However C. parvum and G. lamblia are also notoriously resistant to UV light and for these two protozoa remarkable long exposition times compared to aerobic bacteria are needed in order to have a large reduction on the microorganism count (Hijnen et al. 2006) . With these precedents in mind and choosing C. parvum and G. lamblia as test protozoa, in the present work we want to report the disinfection activity of a novel silica-supported TiO 2 ceramic photocatalyst.
TiO 2 is a widely used photocatalyst (Fujishima et al. 2000 ) that upon excitation generates a charge separated state consisting on electrons in the conduction band and positives holes in the valence band. According to the electrochemical values, electrons in the conduction band are mildly reducing species, but in any case able to reduce molecular dioxygen into O 2 2 superoxide. In contrast, holes in the valence band are strongly oxidizing agents able to oxidize water to highly aggressive hydroxyl radicals. These OH radicals as well as superoxide and other active oxygen species are responsible for disinfection in water by attacking cellular membranes as well as cytoplasmatic proteins (Rincó n & Pulgarin 2003 . doi: 10.2166/wst.2009.016 One general problem of TiO 2 is how to design a photochemical reactor for continuous flow operation (Pozzo et al. 1997) . Most of the reported work on photocatalytic disinfection has been performed with small volumes under batchwise conditions (Mendez-Hermida et al. 2005 ) and using suspended TiO 2 powders (Sö kmen et al. 2007; Ryu et al 2008) . In this context, TiO 2 powders suspended in water are difficult to be used in continuous flow operation, supported titania photocatalyst being much more suitable for this purpose. This issue of how to present the photocatalyst is particularly important for continuous flow experiments, since immobilization of the semiconductor can lead to a decrease of the disinfection efficiency compared to the use of stirred TiO 2 powders. Therefore, the recently reported titania-containing silica fibers are promising because they can serve to prepare non-woven porous fabrics that can be permanently exposed to UV light in a photochemical reactor without leaching titania (Toshihiro et al. 2002) . A continuous flow can go through this photocatalytic fabric, thus ensuring an optimal photocatalytic activity of the system by contacting the water with the light exposed photocatalyst. In the present work we report the disinfection efficiency of a silica-supported titania fabric (Toshihiro et al. 2002) for C. parvum and G. lamblia protozoa. Compared to related precedences on photocatalytic disinfection (Sö kmen et al. 2007; Ryu et al. 2008 ) our study presents as important features the use of contaminated solutions prepared at low protozoa counts and using real water that contains significant concentrations of carbonate and bicarbonate, inorganic salts and dissolved organic matter (DOM). This situation, low protozoa count and natural freshwater with a high content in inorganic salts and DOM makes more real the present study in comparison to the use of model solutions with purified water (Lisle & Rose 1995) . We will present data showing that photocatalytic irradiations using TiO 2 ceramics is much more efficient for water disinfection than exclusive UV irradiation.
METHODS

Materials
C. parvum (10 7 oocysts in 1 ml filtered PBS) and G. lamblia (10 6 cysts in 1 ml filtered PBS) were supplied by BTF Company.
Sodium hypochlorite (10 -13%) and sodium thiosulfate were of analytical grade and supplied by Sigma-Aldrich.
Supported titania photocatalysts were supplied by UBE Corporation Europe and it is commercially available (http://www.ube.es). Basically this photocatalyst consists in a non-woven fabric of silica-titania fibers (Toshihiro et al. 2002) . The photocatalytic ceramic TiO 2 fibers were prepared by thermal decomposition at high temperature of 50/50 wt mixtures of polycarbosilane and titanium butoxide (Toshihiro et al. 2002) . 
b. Oocyst and cyst count
The oocysts and cysts are stained on well slides with fluorescently labeled monoclonal antibodies and 4 0 ,6-diamidino-2-phenylindole (DAPI) (see Figure 3b and 4b).
The stained samples are examined using fluorescence (fluorescein-5-isothiocyanate, FITC) (see Figure 3a and 4a) and differential interference contrast (DIC) microscopy.
C. parvum oocyst contains four banana-shape sporozoites 
RESULTS AND DISCUSSION
The preparation and characteristics of the titania containing silica fibers have been reported elsewhere (Toshihiro et al. 2002) . potable water from the public network free from C. parvum and G. lamblia was dechlorinated and then purposely contaminated simultaneously with these protozoa. It is very common in real waters (Bukhari et al. 1997; Hancock et al. 1998 ) to have simultaneously more than one microorganism of which one could be more sensitive to disinfection than others. For the present study and in order to mimic more closely real conditions we added to the water the two protozoa. Photocatalytic disinfection tests combine simultaneously counts for oocysts and cysts of C. parvum and G.
lamblia, respectively. This procedure was found the most convenient because the population of C. parvum and G.
lamblia can be determined simultaneously (EPA method 1623) by counting the oocsyts/cysts of these two protozoa by epifluorescence in a microscope (Figure 3 and 4) .Contamination was accomplished by mixing standard commercial vials of the corresponding protozoa into the tank. The initial protozoa population was determined by taking a sample before switching the photoreactor on.
The resulting water contaminated with C. parvum and G. lamblia was stirred and recirculated for a sufficiently long time to ensure good dispersion of protozoa in the system. With this type of contaminated samples we performed four series of disinfection test using: 1) exclusively UV light (low pressure mercury lamp, 254 nm); 2) UV light (same source as before) and UBE photocatalyst, 3) UV The results obtained in the photocatalytic study of the samples contaminated by C. parvum and G. lamblia are summarized in Table 1 .
From the results presented in Table 1 , it can be seen that UV irradiation in the absence of photocatalyst is very inefficient to promote at short irradiation times a measurable percentage of reduction in the number of counts. Our results are in line with well established literature data that shows the low efficiency of UV light to effect the disinfection of C. parvum and G. lamblia (Morita et al. 2002) . As a matter of fact, we selected these two protozoa for the present study because we wanted to demonstrate the activity of UBE photocatalyst for disinfection of the most reluctant microorganisms. Only when the irradiation time was sufficiently long (entry 2 in Table 1 ), a significant decrease in the population of the two protozoa was observed. Even at these long irradiation times, G. lamblia was still remarkably resistant and about 14% of the initial population survives to this treatment. Considering that increasing the UV light exposure time to longer than 30 min will not make viable the photochemical disinfection method, no further experiments were pursued.
In contrast to the low activity of UV light to effect disinfection, Table 1 shows that the photochemical process implemented with UBE photocatalyst becomes considerably more efficient. As it could be easily anticipated, the percentage reduction of the number of counts increases gradually along the time of exposure. Thus, the percentage of population reduction using UV light combined with UBE photocatalyst is already high at 10 min exposure, becoming almost complete at 18 min (Table 1 entry 5) . Particularly notable is the efficiency with respect to G. lamblia that appears to be the most resistant microorganism to the UV light. As commented previously for the UV irradiations illumination times longer than 30 min were not considered based on its lack of industrial viability.
Thinking in real applications of the photocatalytic system and considering that the water to be treated should contain some hypochlorite due to the current legal regulations (EU. 1998, it was of interest to test the biocide activity of the photochemical reactor implemented with the fibrous ceramic photocatalyst for contaminated water containing a small percentage of hypochlorite. The idea was to determine the influence that the presence of chlorine, even in small concentrations, plays promoting the photocatalytic disinfection.
As it can be seen in Table 1 , we have found a positive synergism between hypochlorite and photocatalysis. Thus, even at very short exposure times (entry 7 in Table 1 ), the population reduction was significant and it was complete for less than 9 min of irradiation (entry 8 in Table 1 ). These results compare very favourably with the situation in which hypochlorite was absent. In this regard, a few comments should be made. First, the two protozoa under study are known to be highly resistant to disinfection by chlorine alone (Betancourt & Rose 2004) and no biocide activity occurs at the low hypochlorite concentrations tested as it was proved by a blank control (see Table 1 , entry 9). The second comment is that, a blank control in which UV light was employed for disinfection of a solution containing 0.15 ppm hypochlorite was notable inefficient to effect population reduction of the two protozoa. These results point out again the role played by the titania photocatalyst in the disinfection. The third comment refers to the practicality of the system under the conditions employed in Table 1 , entries 7 and 8. In fact, typically high hypochlorite concentration, in the 10 ppm range, is used for waters suspicious to contain C. parvum and G. lamblia.
This high hypochlorite concentration causes adverse effects and nuisance in humans in contact with these waters containing high hypochlorite concentrations. One example of this is swimming pool waters (Hamence 1980; Scotte 1984) in which over-chlorination is a common practice to minimize sanitary problems. In these cases, the use of the photocatalytic system described here will be highly valuable because it could allow using very low chlorine concentrations while ensuring the absence of bacteria and other noxious microorganisms.
CONCLUSIONS
In summary, the present results show that a UV photoreactor implemented with a fibrous ceramic TiO 2 is highly efficient to promote the continuous flow water disinfection of resistant germs as C. parvum and G. lamblia. The action of this photocatalytic system is remarkably enhanced by the presence of hypochlorite in a very low concentration. This system has practical use for public recreational aquatic resorts having high biological contamination risk.
